The breeding system of Trillium kamtschaticum (Liliaceae) was investigated in 23 populations located in Hokkaido, Japan. In addition, analyses of genetic structure were made based on allozyme variation. The populations in the eastern region of Hokkaido were found to exhibit high genetic variability. Emasculated individuals in these populations produced mature seeds, whereas bagged individuals did not. By contrast, northern and southern populations mostly exhibited very low genetic variability. Based on studies of chromosome variations in natural populations of this plant, it has been predicted that inbreeding is responsible for the low levels of genetic variation observed. However, in breeding experiments, both bagged and emasculated individuals produced mature seeds. Most of the self-compatible and genetically variable populations were at Hardy-Weinberg equilibrium. These results suggest that the plants in the eastern populations are self-incompatible and that seed production and high genetic diversity result from predominant outbreeding (insect pollination). By contrast, the northern and southern populations with low genetic diversity potentially exploit a mixed system of outbreeding and inbreeding.
Introduction
Breeding systems have been recognized to have a profound influence on the extent and structure of genetic variation in plant populations. For example, outbreeding populations are expected to have greater genetic diversity, higher levels of heterozygosity, and show less differentiation among populations than self-fertilized populations (Wright, 1921;  Allard et a!., 1968). In practice, the population genetic structures of large numbers of species with different breeding systems have been compared and empirical support for the hypothesis that levels of genetic variation differ between inbreeding and outbreeding species has been obtained (Brown, 1979; Hamrick et a!., 1979; Gottlieb, 1981; Loveless & Hamrick, 1984; Hamrick & Godt, 1989) . For investigations of more direct effects of different breeding systems on levels of genetic diversity in *Correspondence: Laboratory of Floriculture and Landscape Architecture, Faculty of Agriculture, Hokkaido University, Sapporo 060, Japan. isozymes population structure, self-incompatiplant populations, intraspecific comparisons have proved valuable. Although interspecific comparisons involve the evolutionary histories of species and subsequent variations in demography and life history characteristics, intraspecific studies allow comparisons to be made among closely related and genetically similar populations. In this context, Rick et a!. (1977 Rick et a!. ( , 1979 , Schoen (1982b) , Barrett (1985) , Glover & Barrett (1986 , and Holtsford & Elistrand (1989) investigated genetic variation within species that include both inbreeding and outbreeding populations, clearly demonstrating the consequences of breeding system variation on levels of genetic variation.
Trillium kamtschaticum Pall. (Liliaceae) is an
Asiatic species of the genus Trillium, which is one of the representative temperate woodland elements.
Trillium kamtschaticum is a diploid species (2n = 10) and it is distributed mainly in Hokkaido and in northern Honshu, Japan. Comparative studies of chromosomal variations in natural populations based on structural changes in chromosomes shown by differential staining at low temperature revealed 476 three geographical groups, North, East and South (Kurabayashi, 1957) . Populations of the North group have high inter-and intrapopulation homogeneity. By contrast, the East group shows quite high heterogeneity. The South group is composed of populations which have high intrapopulation homogeneity. It was suggested that this intraspecific differentiation was caused by a combination of natural selection and random genetic drift associated with ancient eco-geographical changes in Hokkaido (Kurabayashi, 1957) . Further, on the basis of the chromosomal variations, Fukuda (1967 Fukuda ( , 1989 Fukuda ( , 1990 suggested that the differentiation of breeding systems (outbreeding and inbreeding) within and among populations was responsible for the different levels of genetic variation. For example, low genetic variability in a population was explained by the prevalence of an inbreeding system.
As mentioned previously, the breeding system is a major determinant of the genetic structure of a population. However, in order to identify the breeding system that prevails in a natural population, ecological studies including pollination experiments as well as observations of floral biology (morphology, physiology and phenology), are essential (Grant, 1954; Rick et al., 1977 , 1979 , Schoen, 1977 , 1982a Barrett, 1985; Glover & Barrett, 1986; Morgan & Barrett, 1989) . In this study, in order to examine whether differences in genetic structure are associated with contrasting breeding systems in populations of T kamtschaticum, several ecological examinations of the mating system were conducted for 23 populations. In addition, analyses of genetic structures were carried out and phylogenetic relationships of the populations were proposed based on allozyme variation.
Materials and Methods
Materials and study sites Trillium kamtschaticum Pall. (Liliaceae) is a herbaceous spring perennial, as are other species in the genus. More than 10 years are required for the change from vegetative to reproductive growth at which time a single flower is produced with three white petals (Samejima & Samejima, 1962 (Ohara & Kawano, 1986 ).
The field study and sampling of materials were
The (Sokal & Rohlf, 1981) .
E/ectrophoretic analysis Leaf materials from 30 distant flowering individuals were randomly sampled in each population and stored at -60°C prior to analysis by electrophoresis. For electrophoresis, the leaf materials were ground in 30 pL of cold extraction buffer (0.1 M Tris-HC1, pH 7.5, containing 0.1 per cent 2-mercaptoethanol, 10 mM KC1, 10 mrvi MgCl2, 1 m EDTA and 4 per cent PVP). The resulting slurry was absorbed by wicks of filter paper, which were inserted into a starch gel for electrophoresis. Enzymes were resolved in 12 per cent starch gels with two buffer systems. System 1 consisted of an electrode buffer of 0.065 M L-histidine (free base) and 0.007 M citric acid (monohydrate), adjusted to pH 6.5. The gel buffer consisted of threefold diluted electrode buffer (Cardy et al., 1981) . In system 2, the gel buffer Table 1 . The designation of the three geographical regions is taken from the work of Kurabayashi (1957) . Soltis et a!. (1983) . Genetic interpretations of banding patterns were inferred from segregation patterns with reference to typical subunit structures (Gottlieb, 1981 (Gottlieb, , 1982 Crawford, 1983) .
Standard genetic diversity statistics, including percent of polymorphic loci (P), mean number of alleles per polymorphic locus (A i,), mean number of alleles per locus (A), and observed heterozygosity were calculated. In addition, the expected level of heterozygosity for each population was also calculated. The F values or fixation index (Wright, 1951) were calculated and tested for significant deviation from Hardy-Weinberg equilibrium using chi-squared tests.
The distribution of genetic variation within and among populations was analysed by application of Nei's (1973) gene diversity statistics [total gene diversity (H1), gene diversity within sites (Hg) and differentiation among sites (GST)]. Genetic identities and distances were computed for pair-wise compariSons of populations (Nei, 1972) , and a dendrogram was generated, based on the distance matrix by the UPGMA method (Sneath & Sokal, 1973) .
Results

Breeding systems
The results of pollination experiments conducted at each site are represented in Fig. 2 . The YA, SZ and SH populations are not included because the treated plants were accidentally damaged by weeding before seed maturation. Trillium kamtschaticum has an average of 225.1±39.8 (±SD) ovules per flower (Ohara & Kawano, 1986) . Average seed-setting rates (S/O ratios) of naturally pollinated individuals varied among populations from 38.1 per cent (ST) to 81.7 per cent (IS).
Bagged individuals produced mature seeds in all of the northern and southern populations examined, Suggesting that the plants in these populations were
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self-compatible and also that substantial self-pollination had occurred. Furthermore, the average seedsetting rates were not significantly different from those of naturally pollinated individuals, except in the OS, YO and SA populations (Tukey-Kramer tests; Sokal & Rohlf, 1981) . By contrast, at UR, HI, YU and UH, which are located in eastern Hokkaido, individuals with bagged flowers did not produce any seeds at all, although we confirmed pollen deposition on stigmas. In other words, selffertilization did not occur in these four populations. It is noteworthy, however, that among the eastern populations, the plants at ER exhibited self-compatibility and the average seed-setting rate of the bagged plants did not differ significantly from that of naturally pollinated plants. Genetic diversity Thirteen putative isozymes were clearly and consistently resolved, including one locus for IDH, PGM, LAP, PGI, MDH, two for ACO, and three for EST and GOT. In the case of EST, one additional zone of activity was observed, but it was not scored because of poor resolution. Of the 13 loci examined, eight loci were monomorphic for all populations.
Variation was observed at the other five loci, Aco-1, Mdh-1, Pgi, Est-2, Got-2, namely, at 38 per cent of all loci scored. Allele frequencies are available on request. Sokal and Rohlf, 1981) . Population numbers and abbreviations correspond to those in Table 1 . *Populations for which the pollination experiment (D) was conducted. The measures of genetic variation are given in 13 loci examined and the mean values are HT = 0.05 1, H = 0.034 and G5T = 0.097. These values indicated that the overall level of allozyme variation was low in T kamtschaticum. The low GST value indicates that the majority of genetic variation is located within populations; such a low G5T is consistent with the high mean genetic identity (0.984). The highest genetic identity was found among northern populations which did not show any variation (I = 1.00). The lowest genetic identity was found between HA and SH (0.941). Although the populations examined showed relatively high genetic identity, clustering of populations on a UPGMA phenogram on the basis of Nei's genetic distance revealed at least two major population groups (Fig.  3) . Most of the populations located in the eastern region formed one group except population ST.
These populations had higher percentages of polymorphic loci and higher genetic diversities (cf. Table   2 ). The remaining major group consisted of northern and southern populations and was charac- Table   1 .
terized by lower percentages of polymorphic loci and lower genetic diversities.
Discussion
The overall trends in genetic variation based on allozyme variation coincided more or less with the results obtained from an analysis of chromosome composition (Kurabayashi, 1957) . Thus, eastern populations show high genetic diversity, whereas northern and southern populations show much lower genetic diversity. In particular, the northern populations demonstrated very high homogeneity. It has been predicted that populations of T kamtschaticum with a high degree of homogeneity with respect to chromosome composition depend on inbreeding (Fukuda, 1967 (Fukuda, , 1989 (Fukuda, , 1990 . It is shown in this study that most of the eastern populations of T kamtschaticum, which exhibit higher genetic diversity, are not self-pollinating and all seeds result from outbreeding arising from insect pollination. Although T kamtschaticum does not produce nectar, the base petals have a sweet scent (Ohara, personal observation) .
Field observations also indicate that T kamtschaticum is generally visited by insects belonging to the Hymenoptera (Bombus hypocrita sapporensis), the Coleoptera (e.g., Carpophilus chalybeus and Aphthonaltia angustata) and the Diptera (e.g., Scatophaga stercoraria and Melanostoma scalare) (Fukuda 1961 (Fukuda , 1989 Ohara et al., 1991) . Furthermore, bagging treatment after emasculation and crossing (direct cross-and self-pollination) experiments, using materials sampled at each population and transplanted to the Botanical Garden, Hokkaido University, showed no evidence of apomixis and dichogamy and confirmed that these eastern populations exhibit self-incompatibility. The type of self-incompatibility (gametophytic or sporophytic), however, remains unknown.
In contrast to the eastern populations, many of the populations that showed very little allozyme variation exhibited self-compatibility. However, plants emasculated prior to anthesis also produced numbers of mature seeds, suggesting that, although these populations with low genetic diversity have a substantial ability to self-pollinate, they may also be functionally outcrossing under natural conditions. In fact, most of the genetically variable and selfcompatible populations were at Hardy-Weinberg equilibrium. Therefore, low genetic diversity might not always be associated with inbreeding in T kamtschaticum.
Well documented examples of the differentiation of self-compatible and self-incompatible populations within single species are provided by Leavenworthia crassa and L. alabamica (Rollins, 1963; Lloyd, 1965; Solbrig, 1972; Solbrig & Rollins, 1977) . Lloyd (1965) demonstrated that self-compatible and self-pollinating races were derived from self-incompatible progenitors that had invaded a new habitat. These sites were less favourable for pollinating bees, so that the paucity of pollinators selected for self-compatible plants within these populations. Furthermore, selfcompatible populations have developed adaptations in floral morphology (e.g. a change from extrose to introse anthers, small flower size, a decrease in the pollen-ovule ratio: P/U ratio) that increase the efficiency of self-pollination. Rollins (1963) and Solbrig & Rollins (1977) found that populations of selfincompatible plants were much larger than populations of self-compatible plants. Rick et al. (1979) also identified morphological and ecological differentiation between self-compatible and self-incompatible populations of Lycopersicon hirsutum.
The Genetical Society of Great Britain, Heredity, 76, 476-484. In T kamtschaticum, Samejima (1958) examined morphological characteristics, such as sizes of petal, leaf, sepal, fruit and stomata, of plants from natural populations. The petals associated with attraction of pollinators were largest and widest in eastern populations and smaller and narrower in northern and southern populations. Our examinations using materials transplanted to the Botanical Garden also suggest that the eastern self-incompatible populations have large, showy flowers with longer anthers, higher pollen production and higher PlO ratios (Ohara, unpublished data and manuscript in preparation) . As summarized by Wyatt (1988) , petal size and anther size appear to change with a shift from predominant selfing to predominant outcrossing and vice versa. Accordingly, the self-incompatible eastern populations seem to exhibit xenogamous floral characteristics. Furthermore, the larger population size and the higher plant density of these populations (cf. (Rollins, 1963; Solbrig & Rollins, 1977) .
Among the self-compatible populations of T kamtschaticum, some populations are isolated, having small population size and low plant density (e.g., NA, ER, MN, and TY; see Table 1 ). Although both self-and cross-pollination could potentially contribute to seed-set, autogamy might be favoured over xenogamy in these populations. In fact, although mature seeds were obtained from the plants that had been emasculated prior to anthesis, average seed-setting rates of these plants were significantly lower than those of both naturally pollinated and bagged plants (see Fig. 2 ). Furthermore, it is very important to recall that, although most of the eastern populations exhibited self-incompatibility, a small marginal population near Erimo Cape (ER) exhibited self-compatibility, and the seed-setting rate of emasculated plants was also significantly lower than those of both naturally pollinated and bagged plants.
For outcrossing of entomophilous plants, population size and plant density are closely associated with the attraction and activity of pollinators and should have a significant influence on reproductive success. For instance, population bottlenecks associated with demographic stochasticity or colonization events may bring about reduction in effective population size and promote drift (Crow, 1954) . If pollinator abundance is also reduced, self-pollinating genotypes may leave more offspring than outcrossers, and reduce genetic variability. Accordingly, survival of such bottlenecks may be enhanced by self-compatibility and high levels of self-fertilization.
In fact, higher rates of self-fertilization are often found in geographically and/or ecologically marginal populations (Rick et al., 1977; Brown et a!., 1978; Schoen, 1982a; Holtsford & Elistrand, 1989) . Fukuda (1990) has also pointed out the possibility of the development of an inbreeding mating system in small, geographically marginal populations of T kamtschaticum.
In order to determine the contribution of self-and out-crossing to the seed-set of naturally pollinated plants in self-compatible populations, detailed studies of ecological and geographical backgrounds of the populations, of the abundance and activity of pollinators and of phenological characteristics, such as the degree of protandry, must be performed.
